Procedure based on phase images obtained by the method of Laser Interference Microscopy (LIM) for detection of number non-activated, activated and dead isolated peritoneal macrophages in a sample in vitro was provided. The phase images provide quantitative estimates of the optical path difference (OPD) in each point of object. The OPD varies with cell thickness and concentration of cellular substances. Therefore, it provides useful information on cell structure, localization of subcellular structures, local concentrations of substances and dry mass of cell. In these work we propose a new assay for estimation a number of non-activated, activated and dead isolated peritoneal macrophages in a sample in vitro based on cell phase images. The results were compared with phagocytic index, which was evaluated using latex beads, and the percentage of cells with damaged membranes (dead cells). It was shown that with increasing time after the isolation, the percentage of dead macrophages estimated by LIM was similar to that of the cells with damaged membranes. However, the percentage of activated cells calculated using latex beads exceeded the percentage calculated using the phase images significantly.
Introduction
Various methods of interference microscopy has recently become rather popular in studies of cell morphology (e.g. (Barer, 1957; Byrne et al., 2008; Dunn, 1998; Marquet et al., 2015; Tychinsky & Tikhonov, 2010; Vishnyakov & Levin, 1998) ). Interference microscopy and some noninterferometric methods (e.g. Curl et al., 2006; Roma et al., 2014) can provide quantitative estimates of the optical path difference (OPD) in each point of cell (phase images). The OPD varies with cell thickness and concentration of cellular substances. Therefore, it provides useful information on cell structure, localization of subcellular structures, local concentrations of substances and dry mass of cell. There are a lot of various type of cell were estimated using different methods of interference microscopy: erythrocytes (see e.g. Popescu et al., 2005; Popescu et al., 2006; Rappaz et al., 2007; Rappaz et al., 2008; Rappaz et al., 2009; Yusipovich, I et al., 2009; Yusipovich et al., 2011) , fibroblasts (Dunn & Zicha, 1995) , lymphocytes (Tychinsky et al., 2012) , neurons (Rappaz et al., 2005; Yusipovich et al., 2006) , nerve fibers (see e.g. Bibineyshvili et al., 2013; Brazhe et al., 2008; LaPorta & Kleinfeld, 2012; Maksimov et al., 2001 ), mast cells (Bondarenko et al., 2013) , any microbiological objects (Tychinskii et al., 2007; Yusipovich et al., 2012; Zhurina et al., 2013) and others. In these work we propose a new assay for estimation a number of non-activated, activated and dead isolated peritoneal macrophages in a sample in vitro based on cell phase images. It was shown that activation of macrophages is accompanied by an increase of cell area, a minor (less than 10%) decrease in macrophage dry mass, and pronounced decrease in cell mass in case of cell death (Zagubizhenko et al., 2012) . This helped us to distinguish the populations of non-activated, dead and activated macrophages.
Materials and Methods

Isolation of Macrophages
Macrophages were removed from the peritoneal cavity of male Wistar outbred rats, according to a standard procedure (Akhalaya et al., 2006) with modifications. Suspension of peritoneal cells was layered over 30% Ficoll DL-400 (Sigma, USA) in PBS buffer (145 mM NaCl, 2,7 mM KCl, 2 mM KH 2 PO 4 , 4.6 mM Na 2 HPO 4 , 1 mg BSA per ml, 5 mM D-glucose, 1 mM CaCl 2 , pH 7,4). Macrophages were separated by centrifugation at 3000 g for 30 min at 4°C. The cell fraction was carefully collected using Pasteur pipette at the interface between the buffer and Ficoll. Then the cell fraction was transferred to a 10 ml red cell lysing solution (201 mM NH 4 Cl, 12.5 mM КНСO 3 , 1.6 mM EDTA) and the suspension was centrifuged at 500 g for 5 min at 4°C. Supernatant was decanted, then purified macrophages were suspended in PBS buffer (pH 7.4). Experimental samples contained adherent cells only.
Macrophage Fraction Purity
Purity of macrophage fraction was controlled visually. The suspension of isolated peritoneal macrophages (25 µl) was placed on a slide. After complete desiccation of the sample, the fixed cells were stained accordingly to Romanowsky-Giemsa technique (Strober, 2001) . Staining of the samples showed that only microphages and their precursors (more than 99%) were present in this fraction.
Thawing Frozen (Dead) Cells Preparation
Cells obtained from the animals were placed in ice-cold HEPES buffer used for isolation of macrophages and freezed during 24 h at -84°C. Then cell specimens were fixed in two hours after defreezing, which was carried out without any special procedures preventing cell damage.
Cell Fixation
The macrophage suspension was placed on a mirror glass slide and fixed by glutaraldehyde solution (Serva, Germany) (Bondarenko et al., 2013) . The samples were incubated for 1 hour at room temperature. Final concentration of glutaraldehyde was 2.5%. After incubation samples were rinsed with distilled water and dried in the air. In an hour before measurements, 10 µl glycerin solution (Sigma Aldrich, USA) mixed with distilled water at a ratio of 1:1 (by volume) was applied to the samples, then samples were covered with cover glasses.
Incubation of Cells with Latex Beads
Addition of latex beads (to assess the level of cell activation) was made immediately after placing the cell suspension on mirror glass slide (the final concentration of granules was 0.0025% by volume) (Figure 1a ). The percentage of living activated cells in the sample (phagocytic index PI) was calculated as ratio of the fraction of cells containing at least one bead to total cell number, also the value of beads per cell (the phagocytic number PN) was estimated (Shirshev et al., 2000) .
The Percentage of Cells with Damaged Membranes (Dead Cells) Detection
The percentage of cells with damaged membranes (dead cells) was estimated using ethidium bromide in final concentration 5 µg/ml (Serva) (Dankberg & Persidsky, 1976; Turovetskii et al., 1994) . The cell damage was calculated as a ratio of the number of damaged cells to total cell number. Typical images of stained cells are shown on Figure 1b . 
LIM Theory
The LIM is based on the measurements of the local phase of light wave reflected by the objects.
Laser beam is split into two, one of which (in case of transparent or semitransparent biological samples) travels through the object which changes its wave phase. The other beam is used as a reference and does not pass through the object. Superposition of the two beams results in the fringe pattern on the detector due to interference between the object and reference beams. Thus LIM measures the optical path difference of the two beams (Yusipovich et al., 2006) .
Phase image of an object is a distribution of entire OPD value in its 2D projection. In case of optically inhomogeneous cells (e.g. cells with nuclei like macrophages) the OPD value of each projection point (i), is a sum of OPD values of each optically homogenous media with refractive index n i and thickness z i , n m -refractive index of surrounding solution, z -sum of all z i (Yusipovich et al., 2009 ):
( 1 ) Using LIM one can calculate the dry mass of cell (amount of substances), m, (Yusipovich et al., 2009 ):
( 2 ) where ρ is the specific density of the substance (for protein: 1.33-1.36 (Barer & Joseph, 1954) ), n is the refractive index of substance (for proteins: 1.5-1.6 (Barer, 1954) ), OPD mean is the arithmetical mean of all OPD values in the cell, S is the cell area.
In case of homogeneous cells, (e.g., anuclear erythrocytes filled by hemoglobin), m calculated by formula (2) is a correct estimate of the cell dry mass. In most other cells containing substances with different refractive indices, m represents overall changes in amounts of the substance in the cell.
In this study we use the following parameters to access the macrophages' conditions:
Cell area (S) is an area of cell phase image corresponding to 2D cell projection. Changes in area of macrophages occur during their activation and death.
Mean OPD of cell (OPDmean) is arithmetical mean of any OPD values in cell needed for calculation of the cell dry mass.
Cell dry mass (m) is calculated as a product of the experimentally measured cell area, OPD mean and constants from formula (2). A significant decrease in dry mass comparing to the control data is mainly determined by release of substances from the cell. The basic component of fixed cells is presumably proteins with specific density 1.36 g/cm 3 and refractive index 1.56. The value n m (the refractive index of mixture of glycerol and water in 1:1 volume ratio) was 1.404.
Phase Imaging
Imaging was performed using an automated interference MIA 1 microscope, developed at All Russian Scientific Research Institute for Optical and Physical Measurements (Moscow, Russia) Yusipovich et al., 2011) . The vertical sensitivity for each measured pixel was not less than λ/200 and the lateral resolution was not less than 0.5 μm. The phase imaging, calculation of area and mean values of OPD in cells were performed using Fiji image processing package (Schindelin et al., 2012) .
Statistical Analysis
Subsequent statistical analysis was performed using the software package Statistica 8.0. Statistical significance was calculated by the t-test (р< 0.05). The presented data are mean values in each sample over all experimental animals. The number of animals used in our experiments is shown in Figure and Table captions. The number of cells analyzed in each sample exceeded 100. The regression analysis (third-order polynomial approximation, upper and lower 95% Prediction limits) for estimation of live and dead macrophages was also performed using the Statistica 8.0 software.
Results
In the first series of experiments the dynamics of LIM phase parameters was investigated (Table.1 ). The LIM measurements were done on fixed macrophages in 5, 60 and 120 min after isolation. The samples fixed in 5 min after isolation were taken as control. The data shown is mean ± standard deviation.
*significant difference compared to control (5 minutes in Table) , values were calculated using the t-test at p< 0.05.
In general, cell area increased and OPD mean and dry mass decreased over time. These data are in good agreement with the concept that cell activation is accompanied by an increase in cell area and decline in its dry mass (see, e.g., (Zagubizhenko et al., 2012) ). It was also found that changes in cellular membrane and substance leakage into external medium lead to increase in cell area and decrease in OPD mean and dry mass. , OPD mean ∼160 nm, and dry mass of ∼30 pg. The second fraction has average cell area ∼50 µm 2 , OPD mean ∼200 nm, and dry mass ∼80 pg. Presumably, these two fractions could be monocytes and mature macrophages, respectively. This hypothesis is confirmed by Romanowsky-Giemsa dyeing specific for macrophages and their precursors, the monocytes. The dimensions of both fractions of cells in samples change in time, which is evidenced by alterations in the form of distributions (Figure 2 ).
Assay for Inactivated, Activated, and Dead Macrophages
The regression analysis was used to distinguish between the alive and dead cells. For this assay we used cells obtained from a single animal, to avoid possible morphological difference of cells between animals. Control samples fixed in 5 min after cell separation were used as an estimate of inactivated cells. The thawing cells were used as an estimate of dead cells. Fugure 3. Examples of boundary plots of characteristic regions used to distinguish dead, inactive, and active macrophages (a). Macrophages fixed in 5 minutes after isolation (open circles) represent a control population. Defrosting macrophages without any special procedures (closed circles) represent dead cells. Lines 1 and 3 are the third-order polynomials which approximate experimental data for the control and dead cells, respectively (the values of polynomial coefficients shown in Table) . Line 2 is a lower 95% prediction limit for inactivated cells, it was used as a boundary between the inactive and other macrophages; line 4 is an upper 95% prediction limit for dead cells, which was used as a boundary between the dead macrophages and other cells. Areas I, II and III are the regions of inactivated, activated, and dead macrophages, respectively
Example of calculation of inactivated, activated, and dead macrophages in sample (b). I, II, and III are the regions of inactivated, activated, and dead macrophages, respectively. The number of inactivated, activated, and dead macrophages are 495, 42, and 1, respectively.
The fractions of inactivated, activated and dead macrophages in samples were estimated by measuring the area and dry mass. The experimental phase images were analysed using a plot of dry masses against the cell area (Figures 3). Then boundaries of regions occupied by dead and inactivated cells were defined (see Figure 3a) . The determination of boundaries on x,y-plot was performed according to the following algorithm: the experimentally measured values of the control and dead macrophages were approximated by a third-order polynomial, then the estimated lower 95% prediction limit for inactivated cells was used as a boundary between the inactive and other macrophages, and the upper 95% prediction limit for dead cells was used as a boundary between the dead macrophages and other cells. When these boundaries are plotted, the characteristic regions were used to evaluate the number and percentage of non-activated, activated and dead cells in other samples of macrophages taken from the same animal. An example of this procedure is shown in Figure 3b . Typical images of inactivated, activated, and dead macrophages are shown in Figure 4 . Boundary detection was performed only for (control, dead and unknown type) macrophages isolated from the same animal. 
Estimation of Activated Macrophage Fraction using Latex Beads
Along with fixation of cells and LIM experiments phagocytic activity of live macrophages was estimated in the same samples. Immediately after isolation of macrophages latex beads were introduced into the samples obtained from one and the same animal Then we estimated PI and PN independently using conventional microscopy, as well as area and amount of substances in fixed macrophages, which contained beads, using phase images obtained in equal time intervals. Phase images did not use for detection of PI and PN because the phagocyted latex beads and native granules in cells had similar OPD and could not be properly distinguished on the phase images. Vol. 7, No. 4; Moreover, the percentage of nonactivated, dead and activated cells was not significantly different between the macrophages in the presence of latex beads and in case of macrophages without beads.
It was shown PI increased drastically in 60 minutes after separation, whereas PN grew gradually.
Estimation of Macrophage Fraction with Damaged Membranes (Dead) by Staining with Ethidium Bromide
To compare the percentage of dead cells by an independent technique we stained samples of macrophages with ethidium bromide in 0, 60 and 120 mi after isolation (Figure 7 ). The fraction of dead cells increased drastically in two hours after cell separation. At the same time dead cell fraction, calculated by ethidium bromide assay was not significantly different from the correponding fraction obtained from phase images (T-test, p <0.05).
Figure 7. The fraction of dead cells calculated using LIM (1) and ethidium bromide staining (2) (N=6).
Discussion
The main aim of the study was to compare different approaches and demonstrate efficiency of LIM for biological research. It was shown that there is no significant difference between the estimates of calculation of dead cells fraction obtained from the LIM data and conventional (ethidium bromide assay) technique. This suggests the possibility of LIM application for assaying the fraction of dead cells in samples of macrophages without dyeing. However, we found some differences between the fraction of activated macrophages calculated by LIM data and latex beads. Moreover, the fraction of activated macrophages after cell isolation, calculated over time using latex beads, exceeded considerably the same parameter calculated by LIM. Consequently, the percentage of activated and inactivated macrophages determined by LIM in 1 hour after separation, closely corresponded to the value of PI (may be all macrophages are practically sticked around beads). It should be kept in mind that when optical microscope could not easily distinguish between granules adsorbed on the cell surface and those phagocyted by macrophages, which leads to overestimation of PI and PN values. We assume that beads are at first adsorbed on macrophage surface and then, over the time, they are taken up into the cell. Thus, within first 60 minutes PI and PN reflect the absorption of granules on the surface of macrophages, and only later on the absorption of these beads by cells could take place. It is also possible that some delay in activation of macrophages revealed by LIM is determined by the fact that parameters measured by LIM reflect morphological changes during the activation or other processes as compared to PI and PN dynamics.
It is well known that macrophages are involved not only in phagocytosis, but are also a source of active mediators, which are emitted by exocytosis into the intercellular space. They can affect the functional activity of the neighboring cells through a paracrine interaction. Since this process is related to activation of trans-membrane receptors, changes in the structure of some proteins, and initiation of the cascade mechanism of signal transduction, a definite time seems to be required for visualization of this process. Apparently using LIM we registered only those processes which were associated with the mediator activity of macrophages. Vol. 7, No. 4; 
